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Abstract. High-fidelity color image reproduction is one of 
the key issues in visual telecommunication systems, for 
electronic commerce, telemedicine, digital museum and so 
on. All colorimetric standards of display systems are up to 
the present day trichromatic. But, from the shape of a 
horseshoe-area of all existing colors in the CIE xy chro-
maticity diagram it follows that with three real reproduc-
tive lights, the stated area in the CIE xy chromaticity dia-
gram cannot be overlaid. The expansion of the color gamut 
of a display device is possible in a few ways. In this paper, 
the way of increasing the number of primaries is studied. 
The fourth cyan primary is added to three conventional 
ones to enlarge the color gamut of reproduction towards 
cyans and yellow-oranges. The original method of color 
management for this new display unit is introduced. In 
addition, the color gamut of the designed additive-based 
display is successfully compared with the color gamut of a 
modern subtractive-based system. A display with more 
than three primary colors is called a multiprimary color 
display. The very advantageous property of such display is 
the possibility to display metameric colors. 
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1. Introduction 
The color gamut of contemporary display systems 
covers no more than 50% of the color gamut of all real 
colors. If for the correct scan of the whole color informa-
tion three color paths are sufficient, then for the reproduc-
tion of every existing color an “infinite” number of repro-
ductive lights with chromaticity coordinates lying on the 
border curve (spectrum locus) of the CIE xy chromaticity 
diagram is necessary. Infinite was given in quotation marks 
because in a real finite number of reproductive lights as a 
consequence of limited color differences perception would 
be sufficient. It is evident that the display device with a co-
lor gamut including all existing colors can be fully utilized 
only in the case of true input color information. Such infor-
mation is offered e.g. by XYZ Color Splitting System [1]. 
From the practical colorimetric point of view, a main 
drawback of contemporary CRT or LCD display systems is 
impossibility of reproduction of cyan and saturated orange-
yellow colors, which can be readily achieved by other 
imaging system, e.g. ink-jet printing [2], [3], [4], [5]. Now, 
in time when the utter majority of all print outputs is pre-
pared or started in graphic application on a computer, it 
means via CRT or LCD display, the disadvantage is clear – 
a graphic designer cannot fully control the print outputs 
through the computer monitor. This problem is partially 
solved by so-called soft-proofing that is based on the trans-
forms between color spaces of corresponding devices. It 
means that for proofing, the whole reproduction chain has 
to be calibrated and profiled. For example, a graphic de-
signer creates an image in an application supporting a color 
management system and creates it e.g. in the Adobe RGB 
(1998) color space. Consecutively, the finished work 
should be printed on an ink-jet printer, e.g. Epson Stylus 
Pro 7600 & Epson Ultrachrome inks, with an ink-jet photo 
paper, e.g. Ilford Glossy RC paper, in a resolution of 1440 
x 720 dpi via stochastic raster. If the designer wants to see 
the estimated result from the printer on the monitor, he has 
to make a soft-proofing as follows. An image in the Adobe 
RGB (1998) color space is normally displayed through a 
monitor icc profile on the screen. In the case of soft-
proofing of the stated printer and paper, the image from the 
Adobe RGB (1998) color space has to be converted with a 
suitable rendering intent (relative colorimetric or percep-
tual) into the color space, which is a combination of a used 
printer, inks, a paper, a resolution and a screening algo-
rithm. This converted image is then displayed on the screen 
through a monitor profile with an appropriate rendering 
intent (relative or absolute). It is basically a preview of the 
final output. As referred earlier, a main weakness of soft-
proofing lays on a small gamut of contemporary display 
systems, primarily in cyans and orange-yellows. This 
drawback can be overcome through an expansion of a 
color gamut of display systems. Then, a simulation of a 
final output on a monitor would become very effective.  
2. Tetra-Chroma Display Unit 
The position of contemporary 3 primaries (in terms of 
a chromaticity diagram) is given by compromise to cover 
the area of the most frequently occurred colors with a gi-
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ven reproduction triangle. As for the green primary light in 
the contemporary reproductive triangle, in contrast to the 
blue and red primary, is the most compromisingly located 
to achieve satisfactory reproduction of yellows as well as 
cyans. Due to this compromise, cyans and orange-yellows 
that are achievable in printing are not reproducible by con-
temporary trichromatic display systems. As referred earlier, 
this leads to a poor function of soft-proofing systems. 
The reproduction of really all existing colors is not 
desirable in every task since very often a given imaging 
system cannot generate (or transmit) such color gamut and 
then statistical redundancy of signals driving the display 
increases and a gamut of reproduction is not exploited. By 
looking at a contemporary reproduction triangle in the CIE 
xy or CIE u'v' chromaticity diagram, it is evident, that the 
addition of the fourth reproduction light into an area of 
cyans has a cardinal significance. Thanks to this cyan re-
productive light, the green reproductive light would be 
shifted towards the spectrum locus similarly as in the case 
of NTSC standard. It means that the choice of a new cyan 
primary light carries an advantageous position for the 
green primary. The contemporary sRGB reproductive tri-
angle and the new proposed RGCB tetragon are shown in 
Fig. 1. The position of R and B primary is in the case of 
RGCB the same as in the sRGB specification. A new posi-
tion of the G primary is x = 0.26, y  = 0.7, and the new C 
primary has chromaticity coordinates as follows: x  = 0.05, 
y  = 0.6. The primary lights were not chosen too spectral to 
be achievable through different technologies. From the 
spatial resolution point of view, the addition of the fourth 
primary light still ensures the reach of the desired resolu-
tion not only for TV but also for graphic, fine art and sci-
entific applications. Contemporary possibilities of graphic 
cards and given displays allow trouble-free adding of the 
fourth light – the graphic cards offer a sufficient capacity 
and displays have so small image pixels that one picture 
element, which today consists of 3 pixels, can be created 
by four pixels without a loss of quality in spatial resolution.  
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The crucial task in the case of more than tri-chroma 
display unit is obtaining suitable control signals that drive 
the brightness of the display primaries [6], [7]. An input 
signal, typically X, Y, Z tristimulus (accurately electrical 
analogues of CIE XYZ tristimulus) is converted into a con-
trol signal, c, with the number of elements 3 + N , where 
N  represents a number of the degree of freedom. In other 
words, it is a task where there are fewer equations than un-
knowns, that is, the underdetermined case, and an infinite 
number of solutions exist. Of these solutions, there are two 
with a great practical value. First, the solution that has a 
maximum number of zeros in the elements of the control 
signal c. The second solution gives a control signal c where 
the length or norm of c is smaller than other possible solu-
tions. This solution, based on the pseudoinverse, is called 
the minimum norm solution. 
DF
DF
In our case of the tetra-chromatic display system, a 
number of degrees of freedom NDF = 1 and then the solu-
tion that has the maximum number of zeros passes into the 
case of a trichromatic system when always one from the 
four primaries has its brightness equal to zero. This only 
mathematic solution is not utilizable in a real display sys-
tem because such solution does not encompass the neces-
sary condition about the reference white light – this refe-
rence light has to be only one and has to lie in the gamut of 
given three primaries (into the triangle created by these 
three primaries). On the basis of Fig. 1, it can be found out 
that e.g. D65 reference light is included only into triangles 
RGB and RCB and not in BGC and RGC reproduction 
triangle. 
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Fig. 1. Conventional sRGB and proposed RGCB color gamut in 
CIE xy (top) and CIE u'v' (bottom) chromaticity diagram. 
The minimum norm solution does not give only non-
negative values of elements of control signal, c, and from 
this reason, such solution is not system applicable in a real 
display, too. The negative brightness of primaries cannot 
be made. In Fig. 2 below there is shown the area, which is 
covered in the case when all four primaries (elements of c) 
are non-negative. It can be readily seen that the minimum 
norm solution together with the condition about non-
negative brightness of primaries does not ensure the 
reproduction of the desired color gamut. This reproducible 
area is marked grey in the chromaticity diagram in Fig. 2. 
The two presented solutions – with a maximum num-
ber of zeros and with a minimum norm do not lead to the 
suitable control signal, c, which could be used for driving 
of display primaries. The solution applicable in a real dis-
play system will be introduced in following subsections. 
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This new solution is based on the division of the given 
RGCB tetragon into triangles and offers a corresponding 
colorimetric conversion. In addition, a virtual primary is 
established. The term virtual does not mean non-feasible; it 
means the primaries that are not physically implemented in 
the display. The division of the RGCB region into desired 
sub-regions (in terms of 2D chromaticity diagram) has to 
satisfy the condition that the reference white light has to be 
only one and has to lie within each sub-region of RGCB 
tetragon (D65 reference light is chosen). The condition 
about reference light can be said also from the other side: 
The reference white light, which needs to be only one in a 
given display system, has to be able to be reproducible (co-
lorimetrically matched) via all sub-regions, from which the 
color gamut of the display system is assembled.That way, 
the continuity between individual color sub-gamuts (sub-
regions) of the main (RGCB) color gamut is achieved. The 
following solution named Tetra-chroma3 Display Unit in-
troduces one virtual primary. The virtual primary is mode-
led by real (in display physically implemented) primaries. 0.3127 0.3290
Tab. 1. CIE xy chromaticity coordinates of used primaries and 
reference light in Tetra-chroma  Display Unit. 
This position guarantees that the chosen reference 
light, D65, lies inside of GCM triangle and then unambigu-
ous, in real system practicable, colorimetric conversion 
XYZ ↔ GCM according to common colorimetric conver-
sion matrix (Eq. 2 below) exists. 
 
Primaries of Tetra-chroma  Display 3
CIE xy x y 
R 0.64 0.33 
G 0.26 0.70 
C 0.05 0.6 
B 0.15 0.06 
 
Virtual primary of Tetra-chroma3 Display
CIE xy x y
M 0.395 0.195
 
Reference white light 
CIE xy x y
D65
 
Fig. 2. Reproducible area (grey) as a result of minimum norm 
solution with condition about non-negative elements of 
the control signal c. 
3. Tetra-Chroma  Display Unit 
3
 
Fig. 3. Primaries of Tetra-chroma  Display Unit in the CIE xy 
chromaticity diagram. 
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The RGCB reproductive tetragon is divided into three 
triangles. The two – RGB and RCB – are created by real 
primaries and the last – GCM – uses one virtual primary. 
The CIE xy chromaticity coordinates of these primaries are 
in Tab. 1 and their positions in the CIE xy chromaticity 
diagram are shown in Fig. 3. The virtual primary, magenta 
M, lies on the midpoint of the connecting line between R 
and B primaries (in terms of CIE xy chromaticity system, 
see Eq. 1). 
xM = (x +x )/2, 
3
The three above stated sub-regions, RGB, RCB and GCM, 
in which the RGCB Tetra-chroma3 Display Unit is separa-
tely driven, are overlaid each other. For example, the area 
around the reference light can be reproduced with the help 
of all three triangles (this follows from the earlier referred 
condition about the reference white light). On the contrary, 
the areas of saturated cyans, greens and yellows are repro-
ducible always through only one triad of primaries of Tet-
ra-chroma  Display Unit. Just these areas are not reprodu-
cible by contemporary trichromatic display systems. The 
RGB, RCB and GCM sub-regions are marked in chromati-
city diagrams in Fig. 4 below and the overlapping of indi-
vidual sub-regions is also illustrated. 
R B
y = (y +y )/2. (1) 
3
3.1 Control Signals for the Tetra-Chroma3 
Display Unit 
Mathematical interpretation of common colorimetric 
transformation is calculated by using of Eq. 2 [8]. In this M R B
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illustrative case, it deals with colorimetric transformation 
from CIE XYZ tristimulus values of the colorimetric 
system of (X, Y, Z)  primaries into A, B, C tristimulus 
values of the colorimetric system of (A, B, C) primaries. 
CIE
,  
 (2) 
1
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CB
zzyz
yy
xxyx
zzZ
yyY
xxX
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,1
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CA
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CA
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yy
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zZz
yYy
xXx
B =
WWBA
BA
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BA
BA
BA
yzzz
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yxxx
Zzz
Yyy
Xxx
C 1=  
where xA, y , z , resp. x , y , z , resp. x , y , z , and x , 
y , z  are x, y, z chromaticity coordinates of A, resp. B, 
resp. C primaries and reference white W. As shown in Eq. 
2, for common colorimetric transformation the expression 
of the “new” primaries (A, B, C) in the “old” colorimetric 
system (CIE XYZ) has to be known. 
A A B B B C C C W
W W
 
 
Fig. 4. Three sub-regions of RGCB tetragon of Tetra-chroma  
Display Unit shown in CIE xy (top) and CIE u'v' 
(bottom) chromaticity diagrams. 
3
Individual colorimetric transformation between CIE 
XYZ tristimulus (inputting information) and RGB, RCB 
and GCM tristimulus (desirable information for the display 
primaries driving) are computed according to (2) and are 
given by (3A-C). The tristimuli resulted from these equ-
ations represent elements of the corresponding control sig-
nal, c. The continuity between individual RGB, RCB and 
GCM color sub-gamuts of RGCB color gamut is ensured 
by option such sub-gamuts, that the chosen reference white 
light (in our case D65) lies inside of each sub-gamuts. 
[ ]
CIE
RGB
chromaTetra
Z
Y
X
T
B
G
R








⋅=








− 3
 
where   [ ] , (3A) 
 
where   [ ] , (3B) 
 
where   [ ] . (3C) 








−−
−
−−
=
9809.00482.00211.0
0416.08760.19692.0
3946.08801.02.4303
RGBT
[ ]
CIE
RCB
chromaTetra
Z
Y
X
T
B
C
R








⋅=








− 3








−
−
−
=
3591.18229.03606.0
0416.08760.19692.0
2494.00373.01.2987
RCBT
[ ]
CIE
GCM
chromaTetra
Z
Y
X
T
M
C
G








⋅=








− 3








−
−
−
=
4786.03520.08741.0
1650.32727.19135.3
7964.50034.34.5338
GCMT
The transforms output control signals in range <0,1> which 
are relative to their 100% amount (e.g. R = G = B = 1) that 
is used for the reference white light matching. The highest 
amounts (the absolute bright rate) of the primaries in indi-
vidual sub-gamuts correspond to components of the equ-
ation of the luminance signal matching (4A to 4C). 
 (4A) 
 (4B) 
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Eqns. (4A) to (4C) follow from inverse transforms to the 
transforms in (3A) to (3C). I.e., for white light matching 
RADIOENGINEERING, VOL. 14, NO. 2, JUNE 2005 17 
through GCM sub-gamut, the primaries have the following 
bright proportion 
YG : Y : Y  = 0.2296 : 0.3581 : 0.4124  
and  Y + Y + Y  = 1. 
C M
G C M
3.2 Reproduction of the Virtual Primary 
The driving of the virtual primary, magenta M, is ba-
sed on the reproduction of this primary via R and G prima-
ries. The procedure is as follows. When the reproduction 
with help of GCM sub-gamut is required, the transforma-
tion given by Eq. 3C is performed. The result of this trans-
form, the GCM tristimulus, is modified to obtain the XYZ 
tristimulus of the M virtual primary. For this purpose, the 
G and C values of the GCM tristimulus are set to zero and 
then with help of the inverse transform to Eq. 3C, XYZM 
tristimulus of the M virtual primary is obtained. With the 
XYZM tristimulus it is then operated as with a standard fi-
nal light (the light to be reproduced). It means that Eq. 3A 
or 3B is used to obtain the R and B stimulus of the R and B 
primary that reproduce the M virtual primary (G or C sti-
mulus in Eq. 3A or 3B are in this case zeros since the M 
virtual primary lies on the connectivity line between R and 
B primaries). It means that in the case of reproduction of 
the final light using the GCM sub-gamut, all four in display 
physically implemented primaries are utilized. The whole 
process of computing of the desired control signals of the 
Tetra-chroma3 Display Unit is now described if the GCM 
color sub-gamut is used for reproduction. 
Firstly, the GCM tristimulus given by Eq. 3C of the 
light to be reproduced is computed. From this result, final 
values (control signals) for G and C primaries are ob-
tained. Then from the GCM tristimulus, where the G and C 
values are set to zero, the XYZM tristimulus of the M vir-
tual primary is computed through the inversion transform 
to the transform in Eq. 3C. This operation is given by 
 (5) [ ]
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where    [ ] . 
Now, according to (3A) or (3B), the RGB or RCB tristimu-
lus for the virtual primary reproduction is obtained. Becau-
se the M virtual primary lies on the connectivity line bet-
ween R and B primaries, G or C values are in the case of 
the M primary light matching zeros. The R and B values 
work from Eq. 3A and 3B differently since these values are 
relative to their maximum amount which is used for refe-
rence white light matching. In other words, R and G stimuli 
work from Eq. 3A and 3B differently only in the mathema-
tical point but from the colorimetrically point of view, R 
and G stimuli computed from both equations match in the 
color of the same quantity and quality. 
3.3 Sphere of Activity of Individual Sub-
gamuts of the Tetra-chroma3 Display Unit 
Besides determination of control signals for primaries 
of Tetra-chroma3 Display Unit, the sphere of activity of 
individual sub-gamuts, RGB, RCB, and GCM, should be 
chosen. The determination of the spheres of activity is the 
consequence of the individual sub-gamuts overlapping. 
There is a large number of possibilities since the criteria 
about reproduction of the final lights, which lie in areas 
where two or all three sub-gamuts overlap, can differ. One 
possibility is graphically illustrated in Fig. 5. This is based 
on the very simple criterion – on the spatial position (in 
terms of chromaticity diagram) of the final light (the light 
to be reproduced), where the highest priority has the RGB 
sub-gamut and the lowest priority has the GCM one. 
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Fig. 5. One possibility of division of RGCB color gamut of 
Tetra-chroma3 Display Unit into sphere of activity of 
individual sub-gamuts shown in CIE xy (top) and CIE 
u'v' (bottom) chromaticity diagram. 
On the contrary, a very sophisticated criterion is based on 
the spectral matching. This method takes advance of more 
than tri-chroma display systems if the inputting information 
about an original light is described not only in colorimetric 
domain, but also in spectral domain. The aim is a reproduc-
tion of a light that matches with its original not only colori-
metrically but also spectrally [9], [10]. Multispectral recor-
ding is required in this case as well as spectral distributions 
of used display primaries have to be known. The main aim 
of such method is discounting observer metamerism [10]. 
For example, the original light can be reproduced through 
 
18 J. KAISER, ADVANCED COLORIMETRY OF DISPLAY SYSTEMS – TETRA-CHROMA3 DISPLAY UNIT 
all three triads of primaries that create a base of the corres-
ponding color sub-gamuts – RGB, RCB, and GCM. I.e., 
given light reproduced individually by these three sub-ga-
muts matches in color from colorimetric point of view – 
metameric colors are reproduced. The criterion of choosing 
of the sub-gamut, through which the reproduced light best 
matches with its original in color also from spectral view-
point, is given by 
 (6) 
where f is the spectrum of the original light, and  
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
 ⋅−∑
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3
1
min
i
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Fig. 6. Color gamuts of display and output systems in CIE xy 
(top) and CIE u'v' diagram (bottom). 
∑
=
⋅
3
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is the spectrum composed from the primaries that partici-
pate on the original light reproduction. The ci = (c1, c , c ) 
marks control signals for the primaries driving and is cal-
culated from Eq. 3 above, and p  = (p , p , p ) represents 
the spectrum of the corresponding primaries. It means that 
on the basis of the criterion (6), one triad of primaries (one 
sub-gamut) with the corresponding control signal is chosen 
– either p  = (p , p , p ) with c  = (c , c , c ) or p  = (p , 
p , p ) with c  = (c , c , c ) or p  = (p , p , p ) with c  = 
(c , c , c ). The three stated possibilities of reproduction 
of the given final light, f, result in a different spectral dis-
tribution but in the same CIE XYZ stimulus of the repro-
duced final light. 
2 3
i 1 2 3
1 R G B 1 R G B 2 R
C B 2 R C B 3 G C M 3
G C M
4. Discussion 
So far it has been claimed that the color gamut of con-
temporary RGB scanning and display systems is too small 
to reproduce colors that are realizable e.g. by ink-jet prin-
ter. To prove this, color gamuts of such devices have to be 
compared. The color gamuts of contemporary RGB display 
systems, the proposed Tetra-chroma Display Unit, and the 
color gamut of the combination of Epson Stylus Pro 7600 
ink-jet printer with UltraChrome inks and Ilford Glossy 
paper are marked in Fig. 6. It can be readily seen that cyans 
and orange-yellows that are achievable in printing are not 
reproducible by the contemporary trichromatic display 
systems. As referred earlier at the beginning of sec. 1, this 
leads into a poor function of soft-proofing. 
In contrast to a conventional display, the proposed 
Tetra-chroma  Display Unit disposes color gamut through 
which the colors realizable on printing systems can be pre-
cisely reproduced. 
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